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INTRODUCTION
The interaction of LPS with melimine or Mel4 was assessed as the decrease in OD 405nm , 154 following addition of the LAL reagent, compared with control (LPS in endotoxin free water) 155 without peptides.
156
Cytoplasmic membrane disruption 157 Three assays were performed to determine whether melimine and Mel4 could affect the 158 cytoplasmic membrane of P. aeruginosa. The DiSC3-5 assay was used to determine the 159 effect of the peptides on membrane potential. Two assays, Sytox Green and Propidium 160 Iodide, were conducted to determine whether the peptides could damage cytoplasmic 161 membranes and allow the stains to penetrate and bind to intracellular nucleic acids. Sytox
162
Green has a molecular mass of 213.954 g/mol and a topological polar surface area of 28.7 A 2 , 163 whereas Propidium Iodide has a molecular mass of 668.087 g/mol and a topological polar 164 surface area of 55.9 A 2 (37). Differences in the penetration of these two dyes through the 165 cytoplasmic membranes may be associated with different sizes of pores formed by the AMPs. For Sytox green penetration into cells, the protocol was adopted from Li et al., (39) with a few 176 modifications. Briefly, bacterial cells, aliquots (100 µl) were dispensed into wells of 96-well 177 8 plates along with 5µM Sytox green (Invitrogen, Eugene, Oregon, USA). Plates were 178 incubated for 15 minutes in the dark at room temperature and then 100 µl of melimine and 179 Mel4 were added equal to 1x or 2x as final concentrations. The increase in fluorescence was 180 measured spectrophotometrically (at an excitation wavelength of 480 nm and an emission 181 wavelength of 522 nm) every 1 minutes up to 30 minutes, and then after 150 minutes. A 182 positive control of 1% (v/v) Triton X-100 (Sigma Aldrich, St Louis, MO, USA) in PBS with 183 1/1000 TSB (100 µl) was used to disrupt the cytoplasmic membrane of bacteria.
184
Flow cytometry was used to quantify the ability of melimine and Mel4 to permeabilize 185 bacterial membranes of P. aeruginosa 6294 resulting in incorporation of propidium iodide 186 (PI) (Invitrogen, Eugene, Oregon, USA) into cells with compromised cell membrane.
187
Bacterial cells were stained simultaneously with SYTO9 and PI at concentrations of 7.5 µM 188 and 30 µM respectively and incubated at room temperature for 15 min. Fluorescence 194 Leakage of intracellular contents 195 The leakage of ATP and DNA/RNA was measured in separate assays. Aliquots of 100 µl of 196 bacteria were incubated with melimine at the final concentrations equal to 1x or 2xMIC and 197 at 37°C for 10 min. The samples were taken at 2 min intervals and centrifuged at 9000 × g for 198 five minutes and the supernatant was kept on ice until further use. For determination of 199 internal ATP the bacterial pellets were resuspended in boiling 100 mM Tris, 4 mM EDTA pH 200 (7.4) and further incubated for 2 mins at 100 °C to lyse all the cells. The lysed cells were 201 centrifuged at 9600 × g for two minutes and the supernatant was kept on ice until further 202 9 analysis (41). Subsequently, both total and extracellular ATP were determined using an ATP 203 bioluminescence kit (Invitrogen, Eugene, Oregon, USA) according to manufacturer's 204 instructions.
205
The assay for measuring the loss of DNA/RNA was performed according to protocol Carson 206 et al., (42) with some modification. Aliquotes (100 µl) of bacteria was incubated with 207 melimine and Mel4 at their 1x or 2x MIC and incubated at 37 o C. Samples were collected at 208 different time intervals, diluted (1:10) and filtered through 0.22 µm pores (Merck, 209 Tullagreen, Ireland). The OD 260nm of the filtrates was measured in UV-star plate (Greiner 210 Bio-one GmbH, Frickenhausen, Germany). The results were expressed as the ratio to the 211 initial OD 260nm .
212

Lysis of bacteria 213
This experiment was adopted from the method of Carson et al., (42) . The bacterial lytic 214 potential of the two peptides was evaluated using two different bacterial inoculums 1× 10 8 215 CFU/ml and 3 × 10 10 CFU/ml. The smaller inoculum size was tested to see whether OD 620nm 216 was measurable for 1× 10 8 CFU/ml. The OD 660nm of bacterial suspension was adjusted to 0.1 217 to yield 1× 10 8 CFU/ml. The larger inoculum size of 3 × 10 10 CFU/ml was obtained by 218 adjusting OD 620nm 0.3. The bacterial numbers CFU/ml were confirmed by retrospective plate 219 count. Melimine and Mel4 were added at 1x MIC and 2x MIC as final concentrations.
220
Bacterial cultures were immediately mixed and then diluted 1:1000 in TSB. The OD 620nm was 221 measured and additional readings were taken at 30, 60, 90, 120 minutes, 6.5 and 24 h after 222 incubating at room temperature. PBS with peptides at their respective concentrations was 223 used as blank. The results were recorded as a ratio of OD 620nm at each time point compared to 224 the OD 620nm at 0 minutes (in percentage). as 30 seconds after addition of either peptide to all the strains of P. aeruginosa. Fig. 1a shows 255 the data for P. aeruginosa 6294, whereas data for all other strains are available in the 256 supplementary documents. Following 150 seconds of exposure, no further increase in the 257 release of DiSC3-(5) was seen for any of the strains investigated. Fluorescein intensity was 258 higher at the MIC of melimine (66 nmol/ml) compared to the MIC of Mel4 (26.6 nmol/ml), 259 and the same trend was observed throughout the time course (P<0.005). This depolarization 260 of the cytoplasmic membrane was associated with 3.6 log 10 and 4.0 log 10 viable P. aeruginosa 261 6294 inhibition by melimine MIC (66 nmol/ml) and MBC (132 nmol/ml) respectively.
262
Similarly, there was 2.7 log 10 and 3.2 log 10 reduction by Mel4 MIC (26.6 nmol/ml) and MBC 263 (53.2 nmol/ml) ( Fig.1b ). Sodium azide also depolarized the cell membrane and released 264 DiSC3-(5) over the period of testing, but with reduced fluorescence intensity and without 265 bacterial killing. Sytox green fluorescence increased over time and was detected as early as 5 266 minutes (Fig. 2) . The intensity of fluorescence gradually increased over 30 minutes for all the 267 peptide concentrations for all strains. However, this effect was not concentration dependent. control Triton-X 100 (1%) permeabilized the membrane in 18.7% cells initially which 281 increased up to 34.1% after 130 min. There was also different kinetics of cell death as it can 282 interact with both lipids as well as proteins, create pores and/or remove both lipids/proteins 283 from the membrane. with Triton-X 100. The negative control (buffer-treated) behaved as 284 expected and showed only < 1% PI-stained cells (Fig.3) .
285
The release of cytoplasmic contents 286 Melimine caused 75% and 92 % of ATP release at 1x and 2x MIC concentrations after 2 287 minutes (P<0.001) ( Figure 4 ). The increase of extracellular ATP directly correlated with the 288 loss of viability of P. aeruginosa (R 2 >0.987). Within the first two minutes, melimine 289 decreased viability by > 3.0 log 10 . Whereas Mel4 released 36% and 44% extracellular ATP at 290 1x or 2x MIC respectively at 2 minutes ( Fig. 4) . Further incubation for 10 minutes resulted in When the lower cell concentration (1× 10 8 CFU/ml) was used, no decrease in OD 620nm could 303 be seen as the optical density was very low to start with. When higher bacterial inoculum 1× 304 10 10 CFU/ml was used and treated with varying concentrations of peptides over 2 hours, a 305 significant reduction in OD 620nm was observed (Fig. 6) . After incubation with melimine, the 306 OD 620nm reduced by 25±12% at 1x and 31±3 % at 2x MIC compared to buffer treated 307 negative control (P<0.001). OD 620nm was further reduced by 37±03% and 52±10% with 308 1xand 2x MIC after 6 hours respectively. This trend continued over the 24 hours assay where 309 melimine had a higher bacterial-lytic effect and decreased the OD 620nm to more than 55±5% at 310 both the concentrations. A similar trend was seen for Mel4 which reduced the OD 620nm by 311 13±8 % and 21±6 % at 1x and 2x MIC respectively after 2 hours (Fig. 6) . Further reductions 312 in OD 620nm by 20±3% with 1x and 48±5% with 2x MIC was observed for Mel4 after 6.5 h 313 respectively. Similarly, OD 620nm decreased by 52±2% by both the concentrations of Mel4 314 after 24 h of incubation (Fig. 6) . The bacteriolytic efficiency of both melimine and Mel4 was 315 similar at their MICs (P=0.927) but at 2x MIC melimine reduced higher OD 620nm than 1x 328 aeruginosa were similar. Both peptides were able to significantly neutralise the endotoxic 329 activity of LPS. Both peptides could depolarize the cytoplasmic membrane, and this was 330 associated with rapid loss of cell viability. It was found that loss of viability was quicker with 331 melimine than Mel4. Cytoplasmic membrane depolarisation was followed by ATP and 332 DNA/RNA release from cells, which in turn was followed by permeabilization of the 333 membrane to Sytox green dye that binds to intracellular DNA. When incubated with peptides 334 for 24 hours 50-60% of cells were lysed. 335 We have found that melimine has higher bactericidal efficacy when compared to Mel4 at the 336 studied timepoints, and this may be due to their difference in size and structure. The amino 337 acid length required for the peptides to span bacterial cytoplasmic membranes is 338 approximately 15-20 residues, which may vary depending on the thickness of the lipid 339 bilayer (43-45). Mel4 has 17 amino acid, just within the membrane spanning length, 340 whereas melimine has 29 amino acid which probably allows it to easily span the 341 cytoplasmic membrane of P. aeruginosa. The shorter length of the Mel4 peptide may 342 mean that it takes longer to penetrate through the outer membrane or start to interact with 343 the inner membrane of P. aeruginosa in order to kill the bacteria, or it needs to orientate 344 itself more effectively into the membrane to begin to exert its affects. interact with these lipid layers. The evidence from the current study suggests that it takes 367 more time for Mel4 to interact with the bacterial membranes to the same extent as melimine 368 due to the changes in its amino acid sequence and subsequent changes in its structure. Indeed, 369 for lipid depolarisation at their respective MICs, it took Mel4 approximately 30 seconds 370 longer to achieve the same degree of depolarisation and 60 seconds longer to achieve the 371 same degree of killing with Mel4 compared to melimine as, evidences by the comparative 372 timeline (Fig. 1a & 1b) . To permeabilize the cytoplasmic membrane to allow Sytox green to 373 enter cells, Mel4 at its MIC took more than 30 minutes to achieve the same degree of 374 permeabilization that melimine did at its MIC at 5 min. Confirmation of the role of Try, Ile or 375 Leu in the action of Mel4 need to be confirmed in future studies that incorporate one or more 376 of these amino acids in Mel4.
377
The membrane depolarization caused by both melimine and Mel4 was a concentration was not sufficient to cause death of P. aeruginosa.
387
The membrane potential is essential for bacterial replication and ATP generation (56).
388
Dissipation of the membrane potential may increase membrane permeability resulting in loss 389 of cytoplasmic contents such as ATP (57). In the present study more than 70% ATP was The permeability of cytoplasmic membrane also resulted in Sytox green uptake into cells.
401
However, this uptake was relatively slow, and did not reach the level obtained with the 402 positive control Triton X-100. Indeed, after 30 minutes incubation the amount of fluorescence 403 due to Sytox green entering cells was equivalent to the amount that had entered cells after 10 404 minutes exposure to Triton X-100 when incubated with melimine, and <5 minutes when 405 incubated with Mel4. Furthermore, with either melimine or Mel4 it took approximately 5 406 minutes for any fluorescence due to Sytox green to be registered. The difference in the time 407 between membrane depolarization and Sytox green entering cells may be due to Sytox green 408 requiring relatively large pore sizes in bacterial cell membranes for its uptake and time to 409 intercalate with DNA. Compared with Sytox green uptake, ATP release was faster, and this 410 may be due to the different mechanisms of entry/exit through cellular membrane. For 411 example, the pore size needed for ATP to penetrate through membranes is a pore size of 1.5 412 nm (60), which is smaller than that needed for Sytox green to enter into cells. It may also take 413 a longer time of Sytox green to cross the bacterial membranes and intercalate with DNA (61, suggesting that the bacterial cell membrane was disrupted. More than 50 % cells stained with 421 PI after exposure to melimine for 30 minutes at its MIC. However, Mel4 took longer (150 422 min) for a similar amount of the cells to stain with PI at its MIC (Fig. 3) . The positive control 423 Triton-X resulted in less PI positive cells at this time point suggesting different rates of 424 membrane permeabilization. Therefore, the sequence of steps occurring at the membrane, 425 appears to begin with depolarization (with ATP and initial DNA/RNA leakage) and followed 426 by more significant membrane disruption resulting in Sytox green and PI influx. DNA was measured spectroscopically at 480 nm to 522 nm excitation and emission wavelength.
